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Tropical)Cyclone)Characteris1cs)as)revealed)by)WWLLN,)GRIP,)and)HS3)Data)
STEPHANIE)N.)STEVENSON)AND)KRISTEN)L.)CORBOSIERO)

WWLLN:)World)Wide)
Lightning)LocaAon)Network)

GRIP:)Genesis)and)Rapid)
IntensificaAon)Processes))

HS3:)Hurricane)and)Severe)
Storm)SenAnel)

�  Global,)groundMbased)network)
�  Currently)70+)sensors)worldwide)
�  Established)in)early)2000s)

�  Field)campaign)in)2010)aimed)at)
)understanding)how)tropical)cyclones)
)form)and)develop)into)major)hurricanes)

�  Surveyed)four)AtlanAc)TCs)using)the)
)DC8,)the)WB57,)and)Global)Hawk)

)

�  Field)campaign)from)2012–2014)aimed)
)at)invesAgaAng)hurricane)formaAon)and)
)intensity)change)

�  Surveyed)eight)AtlanAc)TCs)using)two)
)Global)Hawks)and)the)WB57)

HS3:)Lightning)observed)during)sampled)TCs)

References)

Future)Work:)Hypotheses)for))
Outer)Rainband)Convec1on)

GRIP:)Hurricane)Earl)(2010))Case)Study) Inner)Core)Lightning)Bursts)
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Fig. 3. Wind speed (red; m s-1), pressure (blue; hPa), and lightning strike counts in Hurri-
cane Earl. The dates are labeled at 0000 UTC each day. Both pressure and winds are taken
from the NHC Best Track. The black (green) bars are the number of lightning strikes in the
0-500 (0-100) km radius from the TC center. The actual strike count corresponds to the left
axis multiplied by 20. The orange line below the time axis indicates when RI (30 kt wind
increase in 24 h) occurred, from 0600 UTC 29 Aug–0000 UTC 31 Aug.
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Fig. 6. (a) Average radial profile of tangential winds measured at flight-level (⇠650-750
hPa) from the NOAA P-3 flight around 0000 UTC 29 Aug. All flight legs are averaged, and
the RMW is estimated by the dashed line. (b) Lightning strike locations in the inner core
with respect to the GFS shear vector from 2100 UTC 28 Aug–0600 UTC 29 Aug. Range
rings (grey) are denoted every 50 km out to 150 km from the TC center. The RMW (dashed
black line) is from the flight-level data in (a). Colors indicate in which hour the strikes
occurred: 2100–2200 UTC (red), 2200–2300 UTC (brown), 2300–0000 UTC (orange), 0000–
0100 UTC (yellow), 0100–0200 UTC (green), 0200–0300 UTC (dark green), 0300–0400 UTC
(blue), 0400–0500 UTC (dark blue), and 0500–0600 UTC (purple).

38

! 4 

Force reconnaissance flights will be incorporated as well. Examples of the coverage provided by 
the NASA aircraft over convectively active outer rainbands in Hurricanes Karl (2010) and 
Edouard (2014) are shown in Figure 2. Both examples showcase flight legs across an electrically 
active outer rainband. In the case of Hurricane Karl (Figure 2, left), the repeated flight pattern of 
the Global Hawk will allow for the time evolution of the band and the kinematic and 
thermodynamic properties of the TC to be evaluated in tandem. Detailed plans for using NASA 
observations to analyze the five hypothesized effects of deep convection in the outer rainbands 
on TC intensity are discussed below. 
 

Hypothesis 1: Reduced Mass Convergence 
Radial inflow at low-levels that converges and rises in the eyewall is characteristic of the 
secondary circulation in a TC. Hypothesis (1) suggests that the radial inflow is interrupted by the 
low-level horizontal convergence necessary to produce deep convection in the outer rainbands, 
thus reducing the strength of the secondary circulation near the eyewall. Wind observations will 
be used to understand the effect of deep convection in the outer rainbands on the mass 
convergence in the eyewall. The DC-8 and Global Hawks in both missions, as well as the WB-57 
in HS3, were all equipped with a dropsonde system that will provide a vertical profile of the 
horizontal winds. Vertical profiles of the total wind (horizontal winds plus vertical motion) are 
also available on Global Hawk flights with the HIWRAP instrument. Unlike the dropsondes, 
which are point measurements in space, the data from HIWRAP will have better spatial 
resolution (on the order of 1 km) since it uses a dual-frequency (Ka- and Ku-band), dual-beam, 
conically scanning Doppler radar system. The vertical profiles of the wind will be compared 
between the side of the TC with the active outer rainband and the side of the TC without the 
active rainband. The horizontal convergence, ! = −∇!!! = − !"

!" −
!"
!", will be calculated at low-

levels in the eyewall on both sides of the TC as well.  

Figure 2. The 91-GHz SSMIS channel depicting rainbands in H Karl (2010; left) and 
 H Edouard (2014; right). Black dots are WWLLN lightning strikes within 6-h of the 

satellite images. Range rings (black) are shown every 100 km from the TC center. NASA 
Global Hawk (red), DC-8 (orange), and WB-57 (yellow) flight tracks are shown. 
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Noel)(2007)) Bret)(2011))

Lightning)Inside)RMW)
Lightning))

Outside)RMW)

Hourly'lightning'strike'loca2ons'
from'2100'UTC'(red)'to'0500'UTC'
(purple)'rotated'to'the'shear'

vector.'Range'rings'are'every'50'
km.'Dashed'black'line'is'RMW.'
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Fig. 8. Circulation (s-1 km-1) at 0000 UTC 29 Aug computed from the NOAA P-3 airborne
Doppler winds at (a) z = 2 km, (b) z = 4 km, (c) z = 6 km, and (d) z = 8 km. The
maximum circulation at each height is denoted with a black dot. Wind vectors from the
airborne Doppler radar are plotted at each height. (e) A cross-section of the circulation
through 16.5oN. Maximum circulation centers (black dots) are shown at 2, 4, 6, and 8 km.
(f) The maximum circulation points from (a)-(d) to show the vortex tilt. The HRD wind
center track location (blue diamond) is also shown.
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Fig. 8. Circulation (s-1 km-1) at 0000 UTC 29 Aug computed from the NOAA P-3 airborne
Doppler winds at (a) z = 2 km, (b) z = 4 km, (c) z = 6 km, and (d) z = 8 km. The
maximum circulation at each height is denoted with a black dot. Wind vectors from the
airborne Doppler radar are plotted at each height. (e) A cross-section of the circulation
through 16.5oN. Maximum circulation centers (black dots) are shown at 2, 4, 6, and 8 km.
(f) The maximum circulation points from (a)-(d) to show the vortex tilt. The HRD wind
center track location (blue diamond) is also shown.
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CrossGsec2on'of'the'areaGaveraged'vor2city'at'0000'UTC'
29'August,'with'black'dots'indica2ng'maxima'at'2,'4,'6,'
and'8'km'(leP).'Planar'view'of'maxima'in'rela2on'to'

shear'vector'(right).'

Hourly'wind'
speed'(red),'

pressure'(blue),'
and'lightning'
strikes'(green'
and'black).'The'
orange'bar'

indicates'rapid'
intensifica2on.'

�  Inner)core)lightning)burst)
)occurred)prior)to)a)
)prolonged)period)of)rapid)
)intensifica1on)

)
�  The)lightning)burst)was)

)inside)the)RMW)upshear)
)but)down1lt,)likely)
)contribuAng)to)rapid)
)intensificaAon)

�  Studied)inner)core)(<)175)km))lightning)bursts)in)the)North)AtlanAc)and)East)Pacific)
�  Analyzed)factors)associated)with)whether)intensificaAon)or)weakening)follows)burst:)

�  Prior)intensity)
�  Slowly)intensifying)TCs)were)more)likely)to)intensify'
�  All)other)categories)were)more)likely)to)weaken)

�  DeepUlayer)ver1cal)wind)shear)
�  No)clear)relaAonship)

�  Radius)of)maximum)wind)(RMW))
�  Strong)relaAonship)–)likely)due)to)inerAally)stable)core)
�  Five)TCs)that)weakened)had)lightning)burst)outside)RMW)
�  Five)TCs)that)intensified)had)lightning)burst)inside)RMW)

INTENSIFIED) WEAKENED)

Radial'distribu2on'of'
the'inner'core'lightning'
bursts'(colored'bars)'
rela2ve'to'the'RMW'
(blue'line)'for'Noel'
(2007;'leP)'and'Bret'

(2011;'right).'
Tangen2al'wind'

profiles'(m'sG1;'black'
line)'are'from'

reconnaissance'flights.'
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DeMaria,)M.,)R.)T.)DeMaria,)J.)A.)Knaff,)and)D.)Molenar,)2012:)Tropical)cyclone)lightning)and)rapid)
intensity)change.)Mon.'Wea.'Rev.,)140,)1828M1842.)

May,)P.)T.,)and)G.)J.)Holland,)1999:)The)role)of)potenAal)vorAcity)generaAon)in)tropical)cyclone)
rainbands.)J.'Atmos.'Sci.,)56,)1224M1228.)

Stevenson,)S.)N.,)K.)L.)Corbosiero,)and)J.)Molinari,)2014:)The)convecAve)evoluAon)and)rapid)
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�  DeMaria)et)al.)(2012))shows)higher)lightning)flash)
)densiAes)(i.e.,)deep)convecAon))occur)in)the)outer)
)rainbands)of)intensifying)TCs)
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)weakening)())))through)))))))
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NASA)GH)(AVM6)) NASA)GH)(AVM1)) USAF) NOAA42)(PM3)) NOAA43)(PM3)) NOAA49)(GMIV)) NASA)WBM57)

�  Less)lightning)acAvity)observed)in)
)Nadine)and)Humberto,)likely)due)to)
)cooler)SSTs)

�  Several)cases)with)a)lot)of)inner)core)
)and)outer)rainband)lightning)acAvity))

�  Warrants)future)research)on)
))how)electrically)acAve)
))convecAon)interacts)with)the)
))TC)and)its)intensity)
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